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Abstract

‘The problem of detubling a freely spinning and precessing axi-
symmetric satellite is considered. Detumbling is achieved with another
axisymmetric orbital maneuvering vehicle (OMV) joined to the target sat-
ellite with a universal joint. The joint provides two rotational degrees
of freedom and is translated across the surface of the OMV during the de-
tumbling process. The target satellite and the OMV with its three mo-
mentum wheels are modelled as a five body system using Eulerian-based
equations of motion developed by Hooker and Margulies. A Liapunov tech-
nique is applied to derive a nonlinear feedback control law which drives
the system asymtotically to a final spin-stabilized state. State and
control histories are presented and indicate that the dtumbling process
is benign. Constraint force and moment loads at the connection between

the OMV and target satellites are also presented, and indicate that no

extreme Toads are encountered during the despinning and detumbling process.
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Notation

mass of body A

total system mass

inertia dyadic of body A about its mass center
angular velocity of body A

non-gravitational external force on body A
non-gravitational external torque on body A
geocentric position vector for mass center of body A
interaction force acting on body A through joint j
constraint torque acting on body A through joint j
unit dyadic

gravitational constant

geocentric position vector for system center of mass
unit vector in direction of p

spring-damper torque acting on body A at joint j
unit vector along rotation axis of joint i .

angle of rotation about axis §i

angular velocity of the reference body (the OMV)
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THE DETUMBLING OF AN AXIALLY SYMMETRIC SATELLITE WITH AN

ORBITAL MANEUVERING VEHICLE BY NONLINEAR FEEDBACK CONTROL
I. Introduction

The service or repair of orbiting satellites beyond direct reach
of the Space Shuttle may require an orbital maneuvering vehicle (OMV) to
rendezvous and dock with the target satellites. If the target ‘s spin-
stabilized it may be necessary to despin it. If the target has experi-
enced control system malfunction or for some reason is not in pure spin,
it may be ecessary to detumble it. Docking followed by despinning or
detumbling is defined here as capture. Docking is accomplished by first
driving a grappling device on the OMV to a state of rest relative to some
docking point on the target. The OMV and target can ther be connected.
Despinning or detumbling is accomplished by applying torques to the tar-
get through the connecting joint while firing the OMV thrusters to control
the absolute motion of the twe-body system. Widhalm and Conway derived a
feedback control Taw (1) which solved the despinning/detumbling problem
for the case of axisymmetric target and OMV satellites. They used a con-
necting joint which could translate across the surface of the OMV. The
translational degree of freedom of the joint is depicted in Fig. 1 by the
double arrow. The ability to translate the joint provides for joint pos-
ition adjustment during docking, and allows the joint to be driven to the
OMV axis of symmetry during detumbling. The resulting configuration can
then be spin-stabilized.

This thesis extends the Widhalm and Conway model to include three

orthogonal momentum wheels on the OMV, and develops a feedback control
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. law to couple the momentum wheel torques to the system state. The target
* h satellite docked with the OMV and its three momentum wheels are modelled
‘\ as a system of five rigid, constant mass bodies. The control problem is
= formulated by defining the system initial configuration and the desired
J ! final state, and by deriving the equations of motion.




| ki b Al e VT T OO bl aoh At o h Ah o a e aid arh - aodaih achans sl ol aas 2RSTane aga
.

Vel

KRR

1;)

e

A
x

b

<=3

MO R A o Ca T N e v T T e ) oyt B L R B A SRR L P
\ ALY AL AR AR ATRCAL S TR .\\,.,-“‘.\-_ APPRRY Bee ) AR UGN, .Y
”'A.. Jbu’q-‘? W d,‘.l"'\"'ﬂ (X L ‘ \w Bl Al 2 e v A &L ¥ < (! a0 AV i y ’ (ot ‘\" ’ '\ A h ™ g s L

II. Problem Formulation

System Configuration

An axisymmetric target satellite is docked with an OMV which,
with its three orthogonal momentum wheels, is also axisymmetric (see
Fig. 2). The target and OMV are connected with a universal joint having
two rotational degrees of freedom and the capability of translation
across the surface of the OMV. The translational degree of freedom is
depicted in Fig. 2 by the bold double arrow. The center of mass of the
target lies on the 53 axis as does the mass center of the OMV-momentum
wheel combination. The OMV is in a state of pure spin about 53, and the
target is in a state of spin with precession about 53 at a rate equal to
the OMV spin rate. With no external moments or forces acting on the sys-
tem a dynamically stable configuration results. This configuration rep-
resents the initial state of the system. The detumbling and despinning
process is complete when the joint has been driven to a position lying on
the 53 axis, and the target spin rate relative to the OMV is zero with
the OMV itself still in a state of pure spin about the 53 axis. This
configuration, or one arbitrarily close to it, represents the desired
final state of the system. Both the initial and final states as defined
imply that the initial and final anqular velocities of the momentum
wheels having rotational freedom about the 5] and 52 axes are zero. The

initial and final angular velocity of the 53 wheel is arbitrary.

The Hooker-Margulies Equations

The dynamical attitude equations for a two-body satellite were

derived by Fletcher, Rongved and Yu (2), and were generalized for an
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complete derivation is a set of 3n scalar equations for an n-body system.
The equations are free of the unknown joint constraint forces, but still
contain the unknown constraint torques (3:125).

Hooker (4) showed in a subsequent paper that the constraint
torques could also be explicitly eliminated. The equations derived in
reference (3) are written for all the bodies 1ying on one side of a se-
lected joint and subsequently added. The interaction torques all cancel
in pairs, with the exception of the constraint torque at the free joint.
If the selected joint has a rotational degree of freedom about an axis
g, the dot product of g and the expression just found for the torque is
zero. MWriting the dot product and setting it to zero yields an equa-
tion free of the constraint torque. Repeating the process for each de-
gree of freedom at each joint eliminates all the unknown constraint
torques and yields a system of r equations for an n-body system having
r rotational degrees of freedom. These equations are referred to in
some of the references as the modified Hooker-Margulies equations.

Although for an identical dynamical system a Lagrangian deriva-
tion would provide the same number of equations as the HM equations, the
resulting expressions would not be written in terms of the physical body
axes, as are the HM and modified HM equations. As a result adaptation
to active control and modification to include effects such as joint motion
would be more difficult (4:1205). The modified HM equations significant-
1y reduce the required computer time for solution due to the reduction
in the number of equations from 3n to r.

The constraint torques at the joints were eliminated explicitly

by taking the dot product of the unit vector about which the joint is
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n-body system by Hooker and Margulies (3). Both derivations assune that
the bodies are connected by joints which are fixed with respect to the
bodies they connect. In addition, the generalized Hooker-Margulies (HM)
equations assume chat the bodies are ~onnected in a topological tree.
This means that there are no closed loops formed by the interconnected
bodies. The restriction of immoveable joint is removed in an extension
of the HM equations which will be discussed later. The extended equa-
tions then apply to the OMV-target satellite system when modelled as a
system of five interconnected rigid bodies.

The derivation of the HM equations begins with the Newton and
Euler equations for an n-body system. Each of the two sets of equations
contains force terms representing the unknown constraint reactions which
occur at the joints between adjacent bodies. An expression for each
joint constraint force can be isolated by writing Newton's equations for
all the bodies that lie to one side of any selected joint. The equations
are added together, with the result that all the interaction forces can-
in pairs with the exception of the constraint force occurring at the
selected joint. Repeating the process for all the joints in the system
yields expressions for all the unknown constraints in terms of the systen
external forces and in terms of the inertial accelerations of each body
in the system.

The joint constraint forces appear in Euler's equations as
torques about the individual body mass centers, and can be replaced by
the expressions for the constraints obtained in the process described.
The result is the original Euler equations for the system, but with the

unknown joint interactions explicitly eliminated. The result of the
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free to rotate (there may of course be more than just one) with the
summed vector dynamical equations for the bodies that lie to one side of
that joint. The value of the constraint torque can be computed after
the modified HM equations are solved, however. Given the system state,
the derivatives of the state variables can be computed using the modi-
fied HM equations. A1l the variables in the equation which was dotted
with the joint degree of freedom vector § are then known, and can all be
brought to one side of the equation with the resulting sum equalling the
scalar components of the constraint torque (4:1207).

The interaction force at the joints can be computed by finding
the accleration of the mass center of the system of bodies lying to one
side of a joint (relative to the system mass center) and multiplying by
the total mass of that subsystem. For the case of no external forces,

the product is the vector constraint force acting at the selected joint.

Application of the HM Equations

The Eulerian-based equations of motion for multi-body systems
given by Hooker and Margulies (3) and modified by Hooker (4) are restric-
ted to those systems of bodies connected in such a way that no closed
loops are formed, and do not account for motion of the joints relative
to the bodies adjacent to the joint. This last restriction was removed
in an extenstion of the modified HM equations by Conway and Widhalm (5) to
permit the translation of the joint across the face of the OMV. Thus the
extended equations can be applied to the OMV, momentum wheels and target
satellite system under consideration. Referring to Fig. 2 the OMV is
labelled body 0, with the b basis fixed at its geometric center. The

geometric center of the OMV is chosen to coincide with the center of mass
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of the OMV-momentum wheel composite. That is, remove the target from the
system and the system center of mass then lies at the origin of the b
frame. The momentum wheels lying on axes B], 52, and 53 are labelled
bodies 1, 2, and 3 respectively. The target satellite is body 4. The
e basis is fixed in body O at its mass center, and the n basis is fixed
in the target at its mass center. Since the target is precessing about
its own angular momentum vector at a rate, ¢ » the OMV is positioned
relative to the target so that the target's center of mass and angular
momentum vector both lie on the 53 axis. The OMV is then spun about 53
at the same rate, l/l , the target precession rate. The cone angle, 7,,
and the distance from the target center of mass to the joint determine
the required position of the joint on the OMV face for docking. The

target's cone angle, 74 , precession rate, ¥, spin rate,7.'5 , and mass

properties are related as shown by Greenwood (6:386) and repeated here:
¥ = 1%/(1, - Ncos ¥, (1

where I is the target's moment of inertia about the ﬁ] and 62 axes and
Iy is the target's moment of inertia about the spin axis, ﬁ3.

The two rotational degrees of freedom required at the universal
joint include rotation, 7, , about an axis §4 parallel to 51 and rotation
Yg » about an axis 95 parallel to N3 The rotational degrees of free-
dom tfor the momentum wheels Tabelled 1, 2, and 3 are axes §], §2, and §3
respectively. These three axes are parallel to the corresponding b frame
axes, with the wheel joints themselves taken to be at the mass centers of
the wheels. From this initial docked configuration the problem is to

drive the system to a final spin-stabilized state with a set of feedba
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controls. This final state is specified by requiring the joint location
to coincide with the 63 axis, and that the cone angle,”, , and spin rate
i, » be reduced to steady state values of zero.

In the following equations of motion, all vectors and scalar
rates are with respect to the e basis fixed in the main body, the OMV.
The attitude equations for the OMV-target satellite system can be derived

directly from the extended equations given by Conway and Widhalm (5) and

are:
(2., a and| &a ((mﬁ -mC,) x & ]
00 “01 05 0 40 4-40
. R —
30 N ? 9 - K
y g, . EX
_ 2| - 202 (2)
Y3 9 - E3
- - -
L 9 [E4+mD4oxG]
. - - =
LaSO i 14 5| '.g5 L By + mDyy X G ]‘
where
g9 = "2\ }‘; ¢M » a dyadic
ay =33 €,,9,, - 9 » a vector
aio=gi'§geik¢xy s 4 vector
ay = 9, § E €irEku®,, - K * 2 scalar
1, if éi belongs to a joint anywhere on the chain
and €, = of bodies connecting u and the reference body (0)
0, otherwise (e.g. if u= 0)
1
and "
G- BOE + 2@y x ﬁoz (4)
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O @+ my [ 031 - ByBy] + 5, m, [ ﬁful - 5,5, (5)
®au= -l Buye Dyl = Buplry ] (6)
By = e Dy ' (7)
EA“ = ﬁx + EA“ (8)

The vector EA“ is the vector from the center of mass of body A

to the joint leading to body u. EK is determined from

BB - Se g )

and EA is the vector
B, = 3P 38x @y, P-BrxPyp Ty + Ty + 3 T
A A PrBx By + R T

+ Dy x Fy + P Dy X [Fu + mayx (@x Dy (10)

+mp73(1 - 355 . Bl

In Eq (2) @, - “'O1é] +w0262 +w03é3, and the 7, correspond
to degrees of freedom about the unit vectors g;- Superscript R implies
that the indicated time differentiation is performed with respect to an
observer fixed in the e-frame. From Eqs (7) and (8) and from the defi-
nition given for EA‘I’ it is clear that the indicated time derivatives
of 564 are determined from the universal joint motion alone since the
momentum wheel joints do not move with respect to the OMV. The joint

motion is specified as are the control torques TSD

in Eq (10). In this
analysis, the external torques T' are the three orthogonal thruster
torques acting on the OMV, and all external forces are assumed zero. In
addition, all gravitational terms are ignored (all terms containing the

position vector p ). The way in which the control torques (including

1"




> - - e
T, W wigy

.
-y

;s ==

T
. )
..

Vo

.
ot

s s,

- w T A2 all el TN TR W SN T W IOV 7y N oW Iw Twe

thruster torques) and the joint motion is specified is covered in the
next chapter.

The constraint forces and torques have been eliminated from the
equations of motion as described earlier. These quantities can be deter-
mined by the methods described in references (3) and (4). The expres-

sions for the constraint force and torque at the universal joint are:

Foz = (m-m) ¥ (11)
=C _ . A .
Tai = (@gq + @gg) = Do + (0 - §y) 7,4

(12)

+

~ ap % =
(¢44-95)y5 't4'mD4OXG

where ?0 is the position vector of the mass center of the OMV-momentum
wheel combination, relative to the system center of mass, and where G is

as given in Eq (4).
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II1. Nonlinear Feedback Control

The detumbling and despinning problem presented here involves
driving the universal joint connecting the OMV and target satellites
across the face of the OMV to a point coincident with the 53 axis (see
Fig. 2). Feedback control is used to maintain the attitude of the five-
body system in such a way that the final state of the system is spin
stabilized. The problem solution incorporates a feedback control ap-
proach in which an eight element control vector, u, is a nonlinear func-
tion of the system state variables. In this chapter the eight controls
are defined so that the equations of motion can be written in a simpler
form more suitable for Liapunov analysis. This procedure closely paral-
lels that described by Widhalm and Conway (7:6-9) in their derivation of
a control Taw for the two-body satellite system described earlier.
Liapunov's direct method is then used to derive a control law which is
globally asymptotically stable with respect to the spin-stabilized equi-
1ibrium state.

Eq (2) is first written in the form

A% =F* (13)

where A is defined as the 8 x 8 matrix on the left-hand side of Eq (2).
The vector, F*, is defined as the eight element vector on the right-hand

side of Eq (2), and
%= L Ky K Ky Ky Ke ke Ky Rg 1T
172737475 76 "7 "8

=l wyy wg wo3 ¥ ¥ ¥3 ¥ V5] (14)
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Eq (14) is derived from the state variables

xi
1

i T
[ Xy Xp X3 Xg Xg Xe Xg x8]
) A |
=l wgy wgp w3 7y ¥ Y3 ¥y V5] (15)

The control vector, U, can be selected (7:6) so that Eq (13) can

be written as
AX=F+1 (16)

Since the components of the vector, X, are the three angular acceleration
components of the OMV, the three scalar angular accelerations of the
othogonal momentum wheels, and the angular accelerations of the target
about the two degrees of freedom at the joint, the appropriate control
vector components are apparent. The control vector, U, is composed of
three orthogonal (thruster) torques about each of the e-basis vectors,
three internal torques applied at the wheel axes, and finally two inter-
nal torques applied in the two degrees of freedom of the universal joint.
These control torques are designated Uy through Ugs respectively. Pre-

multiplying Eq (16) by the inverse of matrix A yields
(17)

since the matrix, A, will always be invertible for physical systems. The

system of Eq (2) is augmented with the kinematical equation
Xg = Xg (18)

where Xg is defined as the target precession angle, 7@, and complates

the set of equations of attitude motion. We define the augmented state

14
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vector, ]ié, to contain the vector, X, plus the ninth element, Xg-

To derive the control vector, U, as a nonlinear function of the
augmented state vector, ]ié, and the joint motion, a lemma presented by
Vidyasagar (8) is applied. The lemma applies to autonomous systems, and
the system of Eq (16) is nonautonomous because the OMV-target connecting
joint motion is a specified function of time. Widhalm and Conway (7:7)
have suggested that, by specifying the joint motion as a third order lin-
ear system which is asymptotically stable with respect to the desired
final joint position, the third order system with Eqs (17) and (18) form
an autonomous system. Since the desired final joint position relative
to the b-frame is given by the vector [ 0 0 ¢ ], and since the HM
equations are written in terms of the e-frame, we define the vector, ¢,
to be the vector leading from the origin of the b basis to the mass
center of the OMV, the origin of the e-frame. The scalar values that are
to be driven to zero for asymptotically stable joint motion are the posi-
tion, velocity, and acceleration components of the joint lying along the

52 axis. These scalars are given by:

- ~

(THlgy ) by=y,

- ¥, (19)

|_
o
B
o
()
]
<
)

= 92

—
o
Y
o
o
1
<
«w

The derivative of the vector, C, does not appear since the vector posi-

tion of the OMV mass center relative to the geometric center of the OMV

is constant. The complete autonomous system required for the application

of the previously mentioned lemma is given by Eqs (17), (18), and (19)

15
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and is formed by writing

X=A F+A
Xg = Xq (20)
y=DYy

where D is a negative definite matrix selected to obtain the desired de-
cay of the scalar Y given in Eq (19). The joint motion terms contained
in the matrix, A, and in the vector, F, are now specified by the vector
y leaving the system, (20), independent of time.

The Temma developed by Vidyasagar (8:157) in his discussion of
Liapunov's direct method now applies to the system, (20), and is stated
as follows: "Let V(1x9. y) be continuously differentiable and suppose

that for some d 2 0 the set

* o X. V : X.. ¥) <

Sq = | Xg» ¥ : V(;Xg» ¥) S d ]

is bounded. Suppose that V is bounded below over the set S; and that
V({Yg, y) € 0 for all fig and ¥ in S;. Let S denote the subset of S; de-
fined by

~ 7 * . Y ~ 7 -
S = ¥g» ¥ Sd : V(]xg, y) =0]

and Tet M be the largest invariant set of a system which is contained in
S. Then whenever 1Y9(0) and y(0) are members of Sz, the solution of the
system, (20), approaches M as t—=oco."

Now M is an invariant set of system, (20), if every trajectory
starting from an initial point in M remains in M for all time. Since the

system, (20), is autonomous every trajectory through its state space is

o A T, A WV P2 A ol S - . L - L R VL P L U S R T s LT e T . « " .
~. Il SR I P P LAY AN N AT A N T T AN
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an invariant set (8:156). The task then is to find a candidate Liapunov
function, V, that meets the requirements of the lemma. To derive a non-
linear feedback control law that drives the five-body system to the de-

sired final state of spin-stabilized equilibrium, Widhalm and Conway (7)

suggested a candidate Liapunov function 1like

V=(1/2) X 1%+ (172) K'x§+yTRy (21)

where 1 is the identity matrix, K is a positive constant, and R is a
positive definite constant matrix. The function is continuously differ-
entiable, and it is easy to select a vector ]ig and a constant, d, to
demonstrate that a set like S; exists.

The condition on V({?g,'Y) must be satisfied; differentiating

V with respect to time yields

=T

V=X 1%+K Xg ig + ?T RYy+7 RY (22)

Substitution from the system, (20), gives the result

Ty 1+Kxg xq

+7 [DR+RDI]Y (23)

Now since R is a positive definite matrix and D was specified to be a
negative definite matrix, then the expression DTR + RD s negative

definite. Writing the Liapunov matrix equation

Q=D R+RD (24)
and defining
V-7 oy (25)

17
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implies both that Q is positive definite from Eq (24) and that as a
result both V* and -V* are positive definite (8:172). Thus the third
term in Eq (23) is negative definite. To make V at least negative semi-

definite, select the control vector

T

ﬁ=-F+A[oooooo-Kx90]-ABi (26)

where the matrix B is positive definite or positive semi-definite. If
the matrix B is positive definite, then V is negative semi-definite in
Xg- However, if the elements of B are positive except for B33 =0 ,
V is negative semi-definite in X3 and Xg- Then from the above lemma the
system, (20), with control vector U of Eq (26) is asymptotically stable
with respect to the largest invariant set contained in the X3s Xg plane.
But from Eq (26) it can be seen that any non-zero Xq results in a non-
zero control vector u, which in turn causes a departure from the X33 Xg
plane. Therefore the largest invariant set lies in the X3s Xg plane, but
only in that region where Xg is zero, namely the X3 axis. The control
vector U of Eq (26) is then the desired nonlinear feedback control law
for spin-stabilization of this system.

Non-zero off-diagonal terms must be included in the B matrix of
Eq (26) which will couple the momentum wheel torques to state variables
other than just the momentum wheel angular velocities. The torques must
be coupled to the state variables in such a way that the angular rates of
the 61 and §2 wheels decay to zero, so that the system stabilizes in pure
spin. Implementing the control law of Eq (26) requires the determination
of the non-zero elements of the matrix B, and the constant K. In their

work with the two-body satellite system, Widhalm and Conway have suggested
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that controls can be kept within reasonable limits by ensuring that the
target center of mass does not depart appreciably from the 53 axis. This
can be accomplished by selection of the matrix D, which controls the uni-
versal joint motion, in conjunction with K and the B77 element of the B
matrix. Joint motion can be specified which will closely follow the de-
cay of the target's precession angle, and maintain the proximity of the
target mass center to the b3 spin axis. Finally, substitution of the

control vector U of Eq (26) into Eq (20) yields the complete, linear

system
X=[000020 0 -Kxg 01" -BX
Xg = Xz (27)
y=Dy¥

From Eq (27) it can be clearly seen that if the matrix B is dia-
gonal, and if the initial momentum wheel angular rates as well as the
OMV angular velocity components w01 and W, are zero, they will remain
zero throughout the detumbling process. In the case where the only off-
diagonal terms in B are those coupling the momentum wheel torques to
selected system states, the Wiy and wg2 angular velocity couponents of
the OMV still remain zero. This implies that the throughout the maneuver

the OMV remains in a state of pure spin.
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IV. Results

In this chapter the basis for the selection of initial conditions

*

and system mass properties is presented, as well as the values selected.

B

System state histories and control torque histories are presented for
!a four detumbling maneuvers. The four maneuvers include detumbling with
s feedback control without momentum wheel coupling, feedback control with
kb a single momentum wheel coupled, detumbling using only gimbal (joint)
p? torques, and finally, detumbling using only gimbal torques for the first
. 250 seconds, followed by 50 seconds of feedback control applying the full
gg control torque vector with one wheel coupled. Representative histories
. for the constraint loads at the joint between the OMV and the target sat-
;ﬁ ellite are also given.

oo System mass properties were selected based on values used in pre-
i‘ vious research (9). The mass properties of the composite body consisting
2 of the OMV and the three attached momentum wheels were selected to dupli-
i} cate those of the OMV model used by Widhalm (9). Reasonable but arbitrary

;! values of mass and moments of inertia were then selected for the three

A identical wheels. From this information and by specifying the Tocation

o of the mass center of the composite OMV-momentum wheel system, the mass

[ and inertia matrix for the OMV (without wheels) were computed. In this

~ way direct comparisons could be made between the two-body and five-body

:; analyses by completely decoupling the wheel control torques from all non-

" zero system states. As mentioned previously, this is accomplished by

E% selecting all off-diagonal terms of the matrix B in the linear system

. (27) to be zero. Under this condition, the values of elements Bags Bsss
and 866 are completely arbitrary. In addition to the various mass

&
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properties, the system state variable initial conditions were also dupli-
cated from reference (9). The mass properties and initial conditions are
given in Tables I and II, respectively.

From Eq (27) and from the discussion that immediately follows it,
it can be seen that the values selected for elements B,y and B22 are also
arbitrary, since they will always be multiplied by states Xy and X9 which
remain equal to zero throughout the detumbling, despinning maneuver. The
values actually selected are those used by Widhaim (9) in the application
of feedback control to the two-body satellite system. In that case states
X and Xo attained non-zero values after approximately 290 seconds of
open-loop control. Feedback control was then applied in an attempt to
spin-stabilize the system, the desired response being obtained using the
values 811 = B22 = 0.046 .

The remaining constants to be determined include 877, 888’ K, and
the elements of the D matrix of the third order joint motion equation in
Eq (27). Selecting the scalar equation from the 12 equation system of
Eq (27) corresponding to the target precession angle motion, the constants
B77 and K can be determined by specifying a desired final precession
angle at the end of the maneuver. A total maneuver time of 300 seconds
was selected, and critical damping specified. A final precession angle
corresponding to the target mass center on the OMV spin axis and a final

joint position equal to 0.05% of initial joint position was specified.

The result obtained from these requirements is a solution with equal
eigenvalues of about -0.035, with B77 = 0.07 and K = 0.00123. In a
similar way, with the specification of the final joint position just

given and with critical damping of the joint motion, equal eigenvalues
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TABLE I

Satellite Mass Properties
MASS I I,
1000 Kg 1000 Kg-m® 1000 Kg-m?
4500 Kg 6400 Kg-m* 6400 Kg-m’

10 Kg 25 Kg-m 25 Kg-n®

TABLE II

Initial Conditions

Meaning
31 component OMV angular velocity
82 component OMV angular velocity
33 component OMV angular velocity
#1 momentum wheel spin rate
#2 momentum wheel spin rate
#3 momentum wheel spin rate
target precession angle rate
target spin rate
joint position
joint velocity

joint acceleration

target precessicn angle

Note: Values in TABLE II are given in meters, radians,
or radians per second, as applicable.
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1100 Kg-m
11800 Kg-m?

55 Kg-m’

Value

.009
.599

.349
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of -0.04 were obtained for the joint motion equation. This resulted in
values of D3] = -0.000064, 032 = -0.0048, and D33 -0.12 . Finally,
solving the eighth scalar equation of the system of Eq (27) by requiring

that the target spin rate be reduced to 0.5% of its initial value yields

the value of 888 = 0.02 .

With the momentum wheels uncoupled the system behavior was ident-
ical to that of the two-body system in Fig. 1, verified by the comparison
of the results with those of Widhalm (9). Wheel torques were zero, with
the OMV thrust torques and universal joint torques given in Figs. 3 and 4.
None of these control torques reached large values, and it can be seen
that the controls vary smoothly with time with no abrupt changes. The
joint motion and precession angle decay behaved as specified, decaying
to the small final values specified with no overshoot. The results are
given in Fig. 5. The target spin rate decay displayed similar behavior.
The precession angle rate of change and target spin rate histories are
given in Fig. 6, where it can be seen that no radical motion has occurred.
The constraint loads at the universal joint due to lack of rotational
freedom and due to the loading required to drive the joint across the OMV
were relatively small. The constraint torque maximum value was approxi-
mately 2 Nm, and the maximum force encountered in driving the joint was
about 1 N. These results are shown in Fig. 7, where the magnitude of the
constraint force is plotted, as well as the component of that force lying
along the axis of joint motion. This b2 component corresponds to the load
capacity that would be required for a jackscrew, for instance, were such

a device used on the OMV to obtain the desired joint motion.

Although global asymptotic stability is only guaranteed by the
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lemma used earlier for the case of feedback control with the control law
of Eq (26), it was of interest to attempt system despin and detumbling
using only control torques applied at the universal joint. The result
- was that the system displayed no radical or unusual behavior, and appro-
!' ached a nearly spin-stabilized state after 300 seconds of control. The

OMV still remained in a state closely approximating pure spin, although

N non-zero angular velocity components did remain. Figs. 8 and 9 show the
B OMV angular velocity history for this maneuver, and indicate that the de-
! parture from pure spin was modest. Constraint torque and interaction
.. force at the connection also remained small, although as indicated in
;S Figs. 10 and 11, a quasi-steady state condition was reached with continu-

ous constraint and control torques experienced at the joint. 3 residual
precession angle remained after the maneuver, but the rate of change of
the precession angle was very small, indicating that the available con-

trol torques were able to maintain the system configuration but unable to

= R

change it at any appreciable rate. Although there was some oscillation

in the precession angle rate of change, no other violent behavior occur-

ed with respect to either target spin or precession angle changes. The

results are shown in Figs. 12 and 13.

L e 4
a4,

The maneuver described above was repeated, but at 250 seconds the
Ei full control vector was applied in an attempt to spin-stabilize the sys-
- tem. The residual non-zero @0, component of the OMV angular velocity
G was reduced nearly to zero, and the OMV spin rate brought to a steady
value (see Figs. 14 and 15). The relative spin rate of the target and the
precession angle rate of change were Tikewise reduced to very nearly zero

as indicated in Fig. 16. Although not plotted, the precession angle of

ey
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the target was reduced to half of its value at 250 seconds, or approxi-
mately 0.9 degrees. Figs. 17 through 19 show the attendant reductions
in the constraint and control torques and in the constraint force at the
joint. These data clearly indicate that the system is moving toward a
spin stabilized equilibrium.

An attempt was made to couple the momentum wheels to the target
precession angle rate and spin rate. The magnitude of the OMV thruster
torque about each of the % axes was integrated over the maneuver period,
and the three resulting values added to obtain some measure of the total
torque power required from the thrusters. The resulting total was then
compared for maneuvers completed using various off-diagonal gain terms in
the B matrix of Eq (26). No attempt at using control torque on the 33
wheel yielded a reduction in the OMV thruster torque requirements. Using
applied torque at the 32 wheel by setting 857 to 1.0 resulted in a reduc-
tion of the integrated thrust torque from 436 Nm-sec for no wheel coupling

to approximately 377 Nm-sec. The resulting thruster control torques and

momentum wheel control torque are shown in Figs. 20 and 21. Fig. 21 also
includes the 32 momentum wheel angular rate history during the maneuver.
These results indicate that the system is well behaved in the

sense that despinning and detumbling can be accomplished with relatively
small control requirements, and that no violent dynamical behavior occurs
even when internal control torques only are applied. Also, the use of
momentum wheels to reduce thruster requirements is possible, although no
evidence is presented that the wheels provide any major benefit in terms

of efficient system control.
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Fig. 16. Precession Angle Rate of Change and Target Spin Rate; Full
Feedback Added at t = 250 seconds
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Fig. 17. Gimbal Control Torque Uy With Full Feedback Added
at t = 250 seconds
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A

time
0

10
15
20
25
30
35
40
45
50

55

60

635

70

75

80

85

90

?%
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225

230

Uz

-1.500
-.822
“0176
» 399
. 884
1,273
1.568
1.777
1.909
1.976
1.989
1,959
1.89%
1.808
1.703
1.588
1.468
1,344
1.226
1.109
. 998
. 894
797
+ 708
1626

+ 552

+ 485
+ 425
371
+ 323
« 281
+244
+ 211
+182
0157
+ 135
+116
.100
. 08%5
+073
1062
» 053
+ 045
+038
+033
. 028
023

- e T Terv e Ty wew

TABLE III.
c
ug T
—0192 0000
_o242 ‘0984
“0267 “10576
-.274 -1.897
—+267 -2.032
-.251 -2.043
~+230 ~1,973
~+207 -1.853
-.183 ~1.70%5
-.161 -1.3545
-+.140 _10382
-+121 -1.224
—0104 “10076
—0090 —0939
“0077 “0815
-+ 087 -+704
“0058 “0606
-+050 -+520
“0043 —0445
-.038 -. 380
“0033 ‘0324
—0029 ‘0276
‘0025 —0235
=022 -.200
-.+020 ~+170
-.018 ~+144
‘0016 “0123
_0014 "0104
-.012 -.,089
—0011 -0076
‘0010 —0064
-.009 -+055
“0008 “0047
_0007 “0040
~.007 -+,034
~+004 -.029
=005 -.02%5
-.0095 -.,022
-.004 -.019
‘0004 ~-+016
-.004 ~-.014
-+.003 ~.012
“0003 -+010
-+003 ~+009
=002 -.008
-.,002 ~+007
~+002 -,006
36
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613
+ 503
631
759
+ 859
935
993
1,033
1.056
1.061
1,051
1.027
+ 990
+ 745
892
+ 835
775
714
+654
595
538
+484
+A34
» 387
+ 344
+ 304
+ 268
+ 236
207
.181
+157
«137
+119
+103
089
077
066
057
+ 049
042
+ 035
»030
026
022
019
016
+013
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hp.r TABLE III., cont'd
A C c C
- ﬁ time Uy ug T [F] Fs
't 235 020 -.002 -+ 005 011 . 009
t 240 .017 ~-.002 -,004 +010 . 008
E;. t:‘ 245 .014 -,001 ~-.004 . 008 +006
' d 250 .012 ~.001 -.,003 . 007 + 005
! 255 ,010 -.001 -.003 +006 . 005
m [ 260 008 -.001 ~+002 1005 004
VRS 265 +007 -+ 001 =002 +004 003
'\ 270 0006 "0001 "'0002 0003 0003
'\ . 275 . 005 -.001 -.002 . 003 .002
% x 280 + 004 -.001 -.001 002 . 002
Lot -~ 285 . 004 -.001 -,001 . 002 L0072

290 ,003 -,001 -.001 . 002 +001

ol 295 . 002 -.001 -.001 . 001 . 001
AC 77

' :

u , Note: This table of universal joint control torques and

W i',; constraint loads applies to the case of feedback

° control with uncoupled momentum wheels.
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%0
55

60

65

70

75

80

85

90

95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
20%
210
215
220

22%

230

Uy
-1.500
e 822
-e176
+ 399
.884
1.273
1.568
1.777
1.909
1.976
1.989
1.959
1.895
1.808
1.703
1.588
1.468
1,344
1.226
1.109
+ 998
+894
797
+708
1626
+ 9592
+485
+ 425
+ 371
' 323
281
+ 244
«211
»182
« 157
« 135
116
«100
+ 083
+073
1062
+053
+ 045
.038
+ 033
. 028
023

TABLE 1IV.
C
ug T
-.192 + 000
"‘242 -.,984
~e267 -1.576
—~+274 -1 0897
~e267 -2,032
-0251 "4.0043
-,230 -1.973
-.207 -1.853
-,183 -1.705
~+161 -1.545
~+140 ~-1.382
-.121 -1,224
~+104 -1.076
-.090 -+939
-.077 ~.815
=067 ~+704
-.058 -+606
-.050 ~+3520
~.043 ~+445
-.,038 _0380
-.033 ~.324
-.029 "0276
-.025 ~.235
-.022 ~.200
~+020 -+170
-,018 ~.144
-.016 -.123
-.014 ~.104
-.012 -.089
-,011 -.076
-.010 -.064
-.,009 -+085
-.008 -.047
~.007 -.040
-.007 -.034
-.006 ~-.029
-.005 -.025
-+005 -.022
-,004 -+019
-.004 -.016
~.004 -+014
-.003 -+012
-.003 -.010
-.003 -+009
-+002 ~,008
—0002 _0007
-+002 "‘0006
38
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IF¢)
« 613
+ 903
« 631
+ 759
« 859
+ 935
+ 993
1.033
1.056
1.061
1,051
1.027
+ 990
745
+892
+83%5
o775
« 714
654
e 599
038
+484
«434
« 387
+ 344
+ 304
+ 268
e 236
« 207
+181
157
«137
+ 119
«103
. 089
+077
+ Q66
057
+ 049
+ 042
035
030
+026
022
019
+016
013

F2
) 576

=225

097
+ 374
+ 601
+778
907
992
1.041
1.058
1.050
1.023
+ 981
+ 928
+ 869
+806
+741
+ 676
613
+ 553
+496
+443
393
+ 348
+ 307
+ 270
236
+ 207
.180
+ 156
+136
117
+101
. 087
075
+064
+ 055
047
+ 040
+034
« 029
2025
021
.018
+015
+ 013
+011
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ARG
Q 1,y
R &
: TABLE IV. cont'd
b i time u ug 7¢ 1ad Fg
d 235 «020 -.002 -+ Q05 011 + 009
' > 240 +017 -.002 -,004 +010 +008
SN 245 .014 -.,001 -,004 . 008 . 006
N wx 250 012 -,001 -.003 007 . 005
A 255 0010 “0001 "'0003 0006 0005
= n 260 + 008 -+001 -.,002 . 005 004

T 265 007 -.001 ~+002 .004 +003
; 270 + Q06 -.001 -.002 +Q03 +003
:. O 275 0005 -+001 ""0002 + 003 0002
. .&: 280 +004 -+001 -+,001 002 +002
” " 285 +004 -.001 -+001 0002 002

290 +003 -+001 -+001 +002 »001

) ?95 0002 "0001 "0001 0001 0001
¥ ~* ?7
’ \
YI
3 9 Note: This table of universal joint control torques and

;3 constraint loads applies to the case of feedback
1 control with the b, momentum whe21 coupled.
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time Uy
0 ~1,732
o -+ 9260
10 - 242
15 + 382
20 893
25 1,284
30 1.966
35 1.744
40 1.832
45 1.845
50 1.799
95 1.706
60 1.579
65 1,430
70 1.267
75 1.098
80 + 9229
8% ¢ + 764
90 + 607
5 14461
100 0 325
105 203
110 093
115 -+ 005
120 -,090
125 -+163
130 —-.226
135 -.278
140 - 322
145 -+ 357
150 -+ 385
155 -+ 406
160 -.422
165 ”0433
170 ‘0439
175 -.441
180 -.441
185 -+437
190 -+432
195 -+424
200 -.416
205 -+ 405
210 -394
215 -.,383
220 ~+371
225 -+358
230 -+ 345

Y A IR IR x-' 305

ot
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TABLE V.

Y2 Y3
-0066 0180
1.209 182
1.906 » 205
2,296 + 238
2.473 + 269
2.504 291
2.438 + 301
2.311 299
2.147 287
1.964 + 268
1.777 244
1.593 +218
1.418 +192
1.256 167
1.108 + 144
~+974 122
-+.885 +104
~ 730 +088
~ 657 +074
_0576 0062
“0506 0052
”0445 0044
~+392 + 037
-.344 +032
“0306 0027
~-e271 023
—e242 + 020
‘0216 0017
~+194 +015
-+174 +013
-+ 157 +011
-+142 +010
”0129 +009
‘0118 0008
-.108 + Q07
=-.099 + 006
-.091 + 006
—0084 0005
-.077 + 004
—0072 0004
-+067 + 004
-.062 + 003
-.058 + 003
‘0054 0003
~+050 002
-0047 0002
_0044 +0Q02

40

+ 000
096
+157
191
+ 206
+ 207
+199
+184
165
v 145
+123
+102
+ 082
+ 062
+ 045
+028
014
+001
-.010
-.019
‘0028
+ 035
+040
«045
048
051
+053
‘0055
-,056
-0056
‘0056
-.056
“0055
‘0054
053
+052
-,051
+ 049
+ 048
+ 044
045
+043
‘0041
-.040
"0038
-+037
-+035

i

i

}

i

i

1

1

o

+000
+005
016
032
+ 051
+ 069
. 088
+105
+121
+ 135
+148
+158
166
+173
+178
+181
+183
»183
+183
+182
+180
177
173
+ 169
+ 165
161
+ 156
+151
+146
+141
+ 136
+131
+126
121
2116
+111
106
+102
+097
+093
. 089
+ 085
. 081
077
074
+070
+ 067
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v TABLE V. cont'd
time Uy u2 u3 u5

P

i 2
235 -+333 -,041 +002 -+034 064
‘A 240 ~-+320 -.039 +002 -+032 +061
%; 245 -.307 -.,037 .001 -.031 . 058
‘ 250 - 295 =035 +001 -+.030 055
255 -.283 -.033 +001 -.028 +053
g 260 -.271 ~-,031 +001 -.027 + 050
. 265 - 259 ~-.029 + 001 ~.026 +048
270 -.+248 -.027 +001 -.025 Q44
-] 27% -.237 ~.026 +001 -.023 +043
}ﬁ 280 -, 226 -.024 +001 -.022 +041
285 ‘0216 '0023 +001 -0021 + 039
290 -+ 206 -,022 + 001 -.020 +037
? 299 ~-+197 -.021 +001 -+019 «036
% 77

.

. Note: This table of thruster torques u,, u,, and u, and
R wheel torque Ug applies to the case af feedbgck
{ control with the b2 momentum wheel coupled.
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TABLE VI.
[
. C C C
time Uy u8 T [F¥] F2
§3 0 -1.500 -,192 021 617 -+ 500
9 5 ~-.830 -,281 ~-,471 +340 -, 225
10 -.403 ~.314 -.738 ,242 -,0%4
15 -.201 -,298 -.882 ' 223 -.071
!! 20 ~.180 -, 251 -.974 237 -0 124
Ak 25 -.285 - 192 -1.054 . 288 ~-,223
30 ‘0463 "0136 "'10139 0379 ’034&
o 315 -.671 -.093 -1.231 495 -v476
.{(:' 40 “0878 —0068 "'10323 0619 “'0602
45 -1.067 -.,063 ~1.402 + 740 -.721
%0 -14230 ~,074 -1.454 851 -.831
33 55 -1.371 -.095 -1.470 c 953 -,93%
o 60 -1.499 -.119 -1.444 1,051 -1.038
65 -1.,629 -+139 -1,379 1.150 -1.141
W 70 -1.771 -.151 -1.280 1.253 ~-1.,248
;-.v\: 75 "'1 0933 '0151 “10159 10363 "1 0359
80 -2.119 ~-.141 -1.029 1.478 -1.473
85 ~2.322 -.122 -.900 1,596 -1.589
90 -2.,537 -.099 -.784 1.712 -1.704
95 -2.751 ~-.075 -, 4687 1.822 -1.813
100 ~2.,9%4 -.054 -.612 1.922 ~1.914
.'. 105 "'301\39 —0036 "0559 20012 -2,003
B 110 ~3.300 -.024 ~.524 2.088 -2,080
115 ~3.433 -.0164 -.504 2,152 -2.,143
. 120 —3¢541 —0011 "0492 20204 ".'.0194
i’yd 125 "30626 "0010 —0483 20245 —29255
% 130 ~3,693 ~+010 -.473 2.279 -2,268
135 -3.,746 -.010 -.458 2.306 -2,295
!l 140 -3,792 -.010 -.440 2.330 -2.318
145 ~-3,834 -.009 -.416 2.351 -2.338
150 ~-3,873 -,008 ~.391 2,371 -2,357
o 155 -3,912 -.005 -.364 2,389 -2.375
- 160 -3.950 -.003 -+340 2,407 -2,392
- 165 -3,986 . 000 -.318 2,423 -2.,408
170 -4,020 . 003 ~+301 2,437 ~2.422
b 175 -4,049 + 005 -,288 2.449 -2,434
i 180 -4,072 006 -.280 2.458 -2.,443
185 "'40090 0007 "0276 20465 _L'449
o 190 -4,103 007 -,274 2.469 -2.453
o 195 -4,110 . 006 ~-,273 2.471 -2,455
X 200 -4,113 006 -,272 2,471 -2.,455
205 -4,114 + 005 -.271 2.470 -2.454
" 210 -4,112 ,004 - 4269 2,469 -2,452
L 215 -4,110 ,003 -+ 266 2,466 -2,450
220 -4,107 003 ~ o262 2,464 -2,447
o 225 ~4,104 +003 -.258 2.461 -2,44%5
é 230 ~-4,101 003 -.253 2,459 ~2.442
" 42
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TABLE VI. cont'd

. C c C
time u, ug T [F™| F2
235 -4,099 +003 ~+249 24456 ~-2.440
240 ~4,096 +003 -+246 2.453 ~-2.437
245 -4,093 +003 ~e243 2.450 ~2.434

S0 ~3,847 +003 -2.162 2,495 -2.284
“55 -3.192 +003 -1.813 2,072 -1.8%96
260 -2.643 004 -1.519 1.720 -1,572
265 -2.194 + 005 -1.276 1,432 -1,306
270 -1.824 « 005 -1.075 1.194 -1.087
275 -1.519 +006 ~-.907 .998 -+ 906
280 -1, 267 0006 e 768 . 836 e 757
285 -1.059 + 006 -.651 + 702 -+ 634
290 -.887 +006 -+353 e 990 ~+932
295 ~+743 +006 ~+471 +497 -.446
P

Note: This table of universal joint control torques and
constraint loads applies to the case of feedback
with control torques Uy and u, only until t = 250
seconds, at which time the coﬁplete control vector
u is fed back.
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time

0
10
15
20
25
30
35
40
45
30

55

60

65

70

75

80

89

?0

95
100
105
110
113
120
128
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210

215
>

Lae B

2295

230

01

+ 000

001

.001

+000
“0001
-.002
-.004
“'005
-0005
_0005
“0005
-+004
-.003
-.002
"0001

+ 000

+ 000

+000

+ 000

+000
“0001
-.001
-+001
-.001
-.001
"'0001
“0001
“‘0001
-.001
‘0001
-+001

+000

+000
"0001
"0001
-,001
-+001
-.001
~-+,001
-.001
-.001
-.001
"'0001
“'0001
-+001
"'0001
-,001

TABLE VII.

Woo Wo3
+ 000 +102
,001 + 102
002 +102
+003 +102
004 <102
. 004 +101
.004 +101
004 +101
003 +101
+002 +101
+ 002 .101
+001 +101
002 .101
002 +101
+003 +101
+004 +101
005 + 101
006 .101
007 +101
+008 +101
.008 + 101
. 009 +101
+ 009 +101
+ 009 + 101
« 009 +101
. 009 +101
s 009 + 101
+009 «101
+ 009 +101
+ 009 +101
.010 +101
010 +101
+010 +101
+010 +101
+010 +101
+010 +101
.010 +101
.010 +101
+010 .101
010 101
.010 +101
.010 101
.010 .101
010 +101
+010 »101
+010 +101
010 .101

+ 000
-.003
-.004
"0004
-.003
""0002
—0001

+000

+ 000

+000
‘0001
~-+002
-.003
-,004
"‘0004
-.003
-,004
”0004
—0004
‘0003
"'0002
_0002
"0001
‘0001
"0001
-.001
-.001
"0001
-.001
—0001
"'0001
-.001
-.001
“0001

+000
+000

+ 000

+ 000

+ 000

+ 000

+000

+000
+000
+000

000

+000

+ 000

009
+008
006
+ 005
004
003
+ 003
002
+002
+ 002
+001
+ 001
+.001
+001
+ 000
+ 000
"0001
_0001
-.+001
"'0001
“0002
=002
"0007
_.00°
-+002
‘0002
-+002
‘0002
"0002
~.002
-.,002
-+002
_0002
“0001
"0001
"0001
-+001
-+.001
-+001
_0001
~-,001
—0001
”0001
-.001
"0001
-,001
'0001
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TABLE VII. cont'd
time 14
ﬁ “o Wo2 @o3 4 Ys
235 ~.001 010 +101 +000 -+.001
:-F 240 -+ 001 +010 +101 + 000 ~-+001
5 245 -+001 +010 +101 000 -+001
250 “"0001 0009 0101 0000 "0001
2535 + 000 008 +101 +000 -+001
’ 260 oOOO 0006 0101 0000 "0001
& 265 000 005 101 . 000 -,001
270 +000 +004 +101 + 000 -,001
- 275 +000 +003 +101 + 000 -.001
0y, 280 . 000 .002 .101 .000 000
285 + 000 +002 +101 «000 » 000
, 290 + 000 002 +101 + 000 +000
:‘3 295 +000 . 001 +101 + 000 +000
- T
r NOTE: This table of OMV angular velocity components,
; target spin rate and precession angle rate of
change is for the case of feedback with uy and
5 ug control vector components only, until
rﬂ t = 250 seconds when control is with the
K complete u vector.
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V. Conclusion

A nonlinear feedback control law was developed and used to despin

Tl

and detumble an axially symmetric target satellite originally in steady

spin and precession. The control law derivation is based upon Liapunov

S

stability theory, and ensures the global asymptotic stability of the

final spin-stabilized equilibrium state. The results indicate that the

&

system is well behaved, in the sense that changes in both the system

state and in the control torques are smooth throughout the maneuver. The

2
4

Ao

e

control torque magnitudes are relatively small, and no extreme loading of

e

the connecting joint between OMV and target satellites occurred. The

system could be driven very close to the spin-stabilized state using the

T

joint control torques alone. However, a residual target precession angle
ii remained at the end of the 300 second maneuver, as did non-zero b, and b2
OMV velocity components. This is due to the fact that after approximately
! 200 seconds of feedback control, the matrix, A, of Eq (26) is nearly dia-
gonal, and as a result the control torques Uy and ug are coupled strongly
!; only to the target precession angle rate and spin rate, and the precession
“q angle (states Xg5 Xgs and xg), all of which have very small values. The

available control torques at the universal joint are thus insufficient for

EE the reduction of target precession angle at any appreciable rate. Imple-

h mentation of full vector control (using all eight control torques) at

iz t = 250 seconds successfully drove the system to the spin-stabilized
equilibrium.

T~

Ll
e

Although the OMV thrust torque magnitude could be reduced by

coupling a momentum wheel torque to the target precession angle, no at-

~
of M

tempt was made to accomplish detumbling with momentum wneel and joint
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torques alone. Any attempt made to couplé the b3 momentum wheel with

system states Xg OF Xg resulted in an increase in at least one thrust
torque profile, with no obvious positive influence on system behavior.
A follow on effort might concentrate on the development of a
!! reliable technique for determining the values of the off-diagonal gain
matrix terms, based on desired system response. Then an attempt could

be made to perform the bulk of the maneuver using only internal torques.
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